Background: The progresses made in stem cell therapy offer an innovative approach and exhibit great potential for the repair of damaged organs and tissues. This study was conducted with a view to find the mechanisms responsible for the effectiveness of bone marrow-derived mesenchymal stem cells (BM-MSCs) in the suppression of diabetes and experimentally-induced diabetic nephropathy. Methods: To realize this objective, diabetic and diabetic nephropathy subject groups that underwent MSC treatment were studied through numerous biochemistry and molecular genetics analyses. Results: The findings show that, relative to the control groups, the rats in the diabetic and diabetic nephropathy groups treated with stem cells infused with BM-MSCs showed a significant reversal in the levels of their insulin, glucose, heme-oxygenase-1 (HO-1) serum, and advanced glycation end product (AGEP). Moreover, BM-MSC therapy was also found to have a definite positive effect on the kidney functions. In addition, it also corresponded with a significant decrease in the availability of certain growth factors, namely the fibroblast growth factor (FGF), the plateletderived growth factor (PDGF), and the transforming growth factor-b (TGF-b). BM-MSC treatment also improved the levels of expression of monocyte chemoatractant-1 (MCP-1) and interleukin-8 (IL-8) genes within kidney tissues. Lastly, the treatment recovered the organizational structure of the kidney and pancreas, a result demonstrated by a histopathological analysis. These results greatly coincide with those obtained through the biochemistry and molecular genetics analyses. Conclusion: Treatment using BM-MSCs is determined to be definitely effective in cases of diabetes and diabetic nephropathy.
Introduction
Diabetes mellitus is a complicated disease of the metabolism that is an ever-growing concern in today's society, as it is predicted to affect an estimated 500 million people in the next 15 years. 1 Moreover, diabetes has been linked to serious chronic microvascular and macrovascular issues and is associated with large likelihoods of further health issues and mortality. Both types of diabetes, 1 and 2, are serious and common health risks with several long-term negative effects, which can thus lead to ever-growing expense. 2 Diabetic nephropathy (DN) is one of the many complications associated diabetes mellitus, a life-threatening condition that is the main cause of end-stage renal disease (ESRD) in first world countries. An estimated 30% of diabetes mellitus type-1 (T1D) patients are also afflicted with nephropathy, often needing to undergo kidney dialysis or kidney transplantation. 3 Moreover, an estimated 30-40% of diabetes mellitus type-2 (T2D) patients are also afflicted with diabetes-induced kidney disease.
Therapy through the use of stem cells has proved to be very promising in the treatment of tissue and organ damage, such as damage in the kidney. These are undifferentiated cells that have the ability to both self-multiply and differentiate into other specialized cells. 7 In particular, multipotent mesenchymal stromal cells (otherwise called mesenchymal stem cells or MSCs) are stem cells that are present in nearly every postnatal tissue and organ, although they are most commonly obtained from the bone marrow. 8 Of the different types of stem cells, MSCs have numerous characteristics that make them suitable for medical uses, such as the capability to relocate to tissue damage areas, potent immunosuppression, and postinfusion safety. 5 According to earlier researches, MSCs have the ability to differentiate into such cell types as lipocytes, epithelial cells, hepatocytes, neurons, vascular endothelial cells, and myocardiocytes. This gives them a possibly critical role in the future of curing serious human illnesses. Thus, researchers have highlighted the great potential of MSCs in the treatment of diabetes and its complications due to the stem cells' capacity for multipotent differentiation, combined with their self-renewing and immune response regulation capabilities. 9, 10 The current study was designed to investigate the effectiveness of bone marrow-derived mesenchymal stem cells (BM-MSCs) in the alleviation of experimentally-induced diabetes and diabetic nephropathy.
Methodology

Preparation of BM-MSCs
Isolated samples were obtained from the tibias and femurs of 6-8-week-old albino rats. From these samples, (BM-MSCs) were obtained. These were then suspended in DMEM media, which contained 10% fetal bovine serum and penicillin/streptomycin as an antibiotic (Cat #s 41965-039, 26400-036, and 15140-122, respectively, from Life Technologies-Gibco, UK). The atmospheric state was adjusted at 5% carbon dioxide. Afterwards, an inverted microscope was used to conduct morphological characterization in order to confirm the identity of BM-MSC.
Characterization of BM-MSCs via flow cytometry
PE-conjugated CD44 and CD49 antibodies and FITCconjugated CD45 antibody (from Miltenyi Biotec, Germany and Dako Co., Denmark, respectively) were used to perform flow cytometry analysis on the BMMSCs. This was done to verify that the phenotype of the stem cells was retained after expanding in the cell culture. 11 As the BM-MSCs were incubated, each of the antibodies was placed against the surface markers: for 4 min for the CD44 and CD90 antibodies and for 30 min for the CD45 antibody, all at 4 C. Afterwards, flow cytometry analysis was performed on the samples (Beckman Coulter Elite XL, Nyon, Switzerland). The results of the flow cytometry analysis are tabulated in Figure 1 . Briefly, the analysis detected 76.88% of CD44, 85% of CD90, and a negligible 1.1% of CD45 in the isolated stem cells.
Treatment of animals
All the experiments that involved animal subjects and tissues were performed following the recommendations of the Guide for Care and Use of Laboratory Animals issued by the King Fahd Medical Research Center, Jeddah. Fifty female adult albino Wistar rats, with weights ranging from 180 g to 200 g, were involved in the current research.
Afterwards, the subjects were randomly designated into five groups of 10 rats each. Group (1) was the Control group, which were given a single intraperitoneal injection of citrate buffer (pH 4.5). Group (2) was the Diabetic group, which were given a single intraperitoneal injection of a mixture of 70 mg/kg streptozotocin (STZ) in 0.1 M citrate buffer. 4 Group (3) was the diabetic nephorpathy (DN) group, which were given a single intraperitoneal injection of a mixture of 70 mg/kg streptozotocin in 0.1 M citrate buffer Thus, DN state was attained 6 weeks post-injection of STZ according to Balakumar et al. 12 Group (4) was the diabetic group treated with MSCs (Diabetic þ MSCs), which were given a single-dose intravenous treatment of 1:0 Â 10 6 cells per subject. Lastly, Group (5) was the DN group treated with MSCs (DN þ MSCs), which were given a single dose intravenous treatment of 1:0 Â 10 6 cells per subject. Peripheral blood from the tail vein was then tested to confirm diabetes induction (One Touch. Sure Step Meter, Life Scan, CA). The results were a blood glucose level of over 300 mg/dl post-injection of STZ. Meanwhile, creatnine and serum urea were measured to confirm DN induction (data not shown). Thus, DN state was attained 6 weeks post-injection of STZ. The same method was then used to measure fasting blood glucose levels 21 days after MSCs treatment. Afterwards, the subjects were allowed to fast for 12 h, after which 24-h urine samples were obtained. These were then processed in a refrigerated centrifuge at 4 C at 1800Âg for 20 min. The supernatants were separated, urea, microalbumin, and creatinine were analysed.
Then, animals were anesthetized using diethyl ether, and blood samples were immediately withdrawn from the retro-orbital venous plexus. The subjects were then euthanized through dislocation of the cervix, after which each subject's pancreas and kidneys were collected for dissection. The pancreas and one kidney per subject were stored in 10% formal saline to be analyzed histopathologically later, while one kidney was stored in liquid nitrogen for molecular genetics analyses.
Biochemical analyses
The blood glucose levels were obtained as in the previous section, while the serum insulin levels were obtained following the instructions by the manufacturer on the prepackaged kit (Immunospec Corporation, Canoga Park, CA). For each serum sample, the creatinine and urea levels were obtained using calorimetric methodology. 13, 14 Meanwhile, the determination of uric acid levels were based on methods outlined by Buchanan et al. 15 protein levels based on methods outlined by Gornall et al. 16 and albumin levels based on methods outlined by Doumas et al. 17 On the other hand, urinary microalbumin was quantified through spectrophotometry, following the instructions by the manufacturer on the prepackaged kit (Reactivos GPL, Barcelona). Similarly, the (HO-1), (AGEP), (FGF), (PDGF), and (TGF-b) were quantified based on the instructions provided in the assay kit (Glory Science Co., Del Rio, TX). In each kit, the markers were estimated using a double antibody sandwich enzyme-linked immunosorbent assay.
Molecular genetic analysis
Semiquantitative RT-PCR
Trizol was used to extract the cellular RNA from the renal tissues of the subjects (Bioshop Canada Inc.).
Spectrophotometry was then used to determine the concentration and purity of the RNA, at 260 nm and 280 nm. Only these samples with 1.8:2 ratios were utilized in the analyses. Afterwards, reverse transcription from RNA to cDNA was performed using a Revert Aid kit for first-strand cDNA synthesis (Fermentas Co., St. Leon-Rot, Germany). The selection of the IL-8 gene, in the meantime, was based on the sequences published by Soliman el al. 18 for the GAPDH gene those by Paul and Kundu, 19 and for the MCP-1 gene those by Hajiasgharzadeh et al. 20 These primer sequences for the genes are tabulated in Table 1 .
Histopathological analysis
The pancreas and kidney were prepared to hematoxylin and eosin staining according to Banchroft et al. 21 Then, slides were observed using a light microscope (Olympus CH, Japan), on which images were captured (Sony DSCOW3, Japan) and photomicrograph calibrating was performed. 22 
Statistical analysis
Statistical analysis underwent one-way analysis of variance (ANOVA) using the program Statistical Package for the Social Sciences (SPSS v.17). Followed by least significant difference analysis for the comparison of significance in the different groups, with a significance level set at 5%.
Results
Biochemical analysis
Statistical analysis of the results showed a significant increase in blood glucose, coupled with a significant decrease in serum insulin levels in both diabetic and DN groups relative to the control group (p .05). Meanwhile, diabetic and DN groups treated with MSCs experienced significant suppression of blood glucose level, in association with significant elevation in serum insulin levels as compared to their untreated counterparts (p .05). The data are illustrated in Table 2 . Table 3 represents the values of urea, creatinine, uric acid, total protein and albumin in serum of rats in the different studied groups. It could be observed that serum urea, creatinine, and uric acid revealed significant increase in diabetic and DN groups with respect to the control group (p .05), while serum total protein and albumin levels decreased significantly in these groups comparing to control group. On the other hand, diabetic and DN groups treated with MSCs showed significant reduction in serum urea, creatinine and uric acid levels as compared to the corresponding untreated groups (p .05). However, no significant change in serum albumin level and protein (p .05) were recorded in the treated groups relative to the corresponding untreated counterparts.
The data represented in Table 4 showed the concentration of urinary urea, creatinine, and microalbumin in the different studied groups. It could be seen that urinary urea, creatinine, and microalbumin concentrations revealed significant increase in diabetic and DN groups as compared to the control group (p .05). MSCs treatment produced significant regression in the urinary concentrations of urea, creatnine and microalbumin in the treated groups compared to the corresponding untreated groups (p .05).
The results of serum (AGEP) level and (HO-1) activity are illustrated in Table 5 . It is clear from the data that serum (AGEs) level showed insignificant increase in both diabetic and DN groups as compared to the control group (p .05). Meanwhile, serum (HO-1) activity revealed significant decrease in these groups relative to the control group (p .05). On the other hand, diabetic and DN groups treated with MSCs experienced insignificant regression in serum (AGEs) level (p .05) paralleled by significant increase in serum (HO-1) activity when compared with the corresponding untreated groups (p .05).
Regarding the growth factor data in Table 6 , significant increase in serum (TGF-b), f (FGF-2), and (PDGF) in diabetic and DN groups compared to the control group (p .05). Meanwhile, the groups treated with MSCs showed significant depletion in these markers in comparison with the corresponding untreated groups (p .05).
Molecular genetic analysis
Molecular genetics analysis showed significant up-regulation of renal IL-8 and MCP-1 gene expression level in diabetic and DN groups with respect to the control group (p .05). Diabetic and DN groups treated with MSCs revealed significant down-regulation in the gene expression levels of IL-8 and MCP-1 when compared with the untreated counterparts (p .05). These results are shown in Table 7 and Figure 2 .
Histopathological results
Pancreatic and kidney histopathological results are illustrated in Figures (3) and (4), respectively.
Discussion
There has recently been increasing interest directed at stem cell therapy as a new innovation in the treatment of long-term illnesses, as well as the related complications. The central objective of the current study was to determine the effectiveness of bone marrow-derived mesenchymal stem cells on the amelioration of experimentally induced diabetes and diabetic nephropathy.
The results of the experiments indicate significantly increased blood glucose levels, coupled with significantly reduced serum insulin levels in both the diabetic and diabetic nephropathy groups. According to Kim et al., 23 the majority of diabetes loss pathology can be traced to the decrease and/or dysfunction of beta-cells. 2 Different reasons have been put forward for this decrease, such as oxidative stress, endoplasmic reticulum stress, and amyloid formation toxicity. 24 It must also be noted that, as diabetes cases progress, b-cell mass levels decrease and glucose levels increase. As the environment becomes hyperglycemic, the b-cells functions become impaired, especially the secretion of insulin. This effect, which is reversible, is determined to be due to glucose toxicity. 10 In cases of diabetes and diabetic nephropathy induced by STZ injection, changes in the glomerulus functions have been noted, such as microalnuminuria; higher urea, creatine, and uric acid levels; and lower protein and albumin levels. The results of the present experiment coincide with those in the study conducted by Yamamoto et al., 3 in which they determined that initial phases of nephropathy is characterized by increases in proteinuria, nephromegaly. Microalbuminaria is a critical marker in kidney damage, especially in cases of diabetes. 25 Microalbuminaria results in high blood pressure, uremia, albuminuria, progressively declining glomerular filtration rate (GFR), and end-stage renal disease (ESRD). 26 According to a study by Feig et al., 27 a high concentration of uric acid has been associated with (T2D).
Resistance to insulin causes acidic urine. When the pH is low in urine, uric acid stones tend to form. In addition, excessive levels of blood uric acid are another complication of T2D, this leads to pro-inflammatory changes in the endocrine balance in the adipose tissue and vascular smooth muscle cells. 28 The results of the present experiment revealed insignificant increase in serum AGEP levels in both diabetic and diabetic nephropathy groups. On the other hand, there was a significant decline in the activity of serum HO-1. In diabetes mellitus, extended hyperglycemia Table 6 . Effect of MSCs infusion on serum growth factors (TGF-b, FGF-2, and PDGF) levels in diabetic and diabetic nephropathy-bearing rats (mean ± SE). causes accumulation of AGEPs in the blood and different tissue. 29 One of the expected ways of AGEPS to aggravate diabetes is cross-linking critical molecules in the ECM basement membrane, which disrupts the normal cell system. Another is through contact with their receptors (RAGE) on a cellular surface. 30 Furthermore, glycation leads to an increase in the production of types 3, 5, and 6 collagen, fibronectin, and laminin in the ECM, probably through the up-regulation of TGF-b intermediates. 31 Heme oxygenase (HO) is a rate-limiting enzyme that catalyzed breakdown of heme yields cytoprotective products including bilirubin, ferreittin, and carbon monoxide. 32 . The up-regulation of renal HO-1 expression prevents the development of metabolic syndrome and improves both vascular and renal function. Also, a study by Pitlovanciv et al., 32 showed that HO-1 induction is protective in many acute and chronic renal insults. These findings supported those of Elmarakby et al. 33 Regarding TGF-b, PDGF, and FGF, the present data showed significant increase in the circulating levels of these indicators in diabetic and diabetic nephropathy groups. The present results were supported by Yener et al. 34 Previous studies have shown the important role of hyperglycemia and hyperinsulinemia in increasing TGF-b expression through different pathways. 35 In experimental diabetic mice, macrophage accumulation and activation as well as prolonged hyperglycemia has been associated with glomerular immune complex deposition, increased chemokine production, and progressive fibrosis. TGF-b has been recognized as a central player in the diabetic nephropathy as it is being involved in the development of glomerulosclerosis and interstitial fibrosis, as observed in the course of endstage renal disease. 26 Increasing evidence suggests that growth factors may contribute to the initiation and progressive fibrosis of diabetic nephropathy. 36 Particularly, the roles of TGF-b and connective tissue growth factor have been described in diabetic nephropathy. 44 In addition to its proliferative actions, PDGF also induces extracellular matrix formation in vitro with infusion and transfection studies confirming the pro-sclerotic effects of PDGF in nondiabetic renal disease in the in vivo setting.
36
Expression of FGF-2 has been found to be significantly up-regulated in diabetic and diabetic nephropathy compared with the control with a good correlation to the degree of kidney injury. 37 Fibroblasts cultivated in high glucose displayed increased FGF-2 mRNA as well as protein synthesis and secretion compared with normal glucose. 38 Regarding molecular genetics results, significant upregulation in gene expression levels of IL-8 and MCP-1 in kidney tissue were recorded in both diabetic and diabetic nephropathy groups. Aydin et al. 39 found that IL-8 serum level tend to increase in the diabetic group. The increased IL-8 serum level in this group was attributed to the increased oxidative stress and inflammation due to hyperglycemia. Also, Khajehdehi et al. 40 stated significant elevation in TGF-b and IL-8 serum levels in diabetic nephropathy bearing rats. These findings are in great agreement with the present results. Hyperglycemia induces MCP-1 production in vascular endothelial cells and has been implicated as a causal factor in the facilitation of vascular complications in diabetes. 41 It has been documented that high glucose level stimulates the expression of MCP-1 and the formation of (ROS), which may up-regulate MCP-1 expression by activation of the transcription factor NF-B. 42 Morii et al., 43 suggested that heavy protenuria aggravates renal tubular damage and accelerates the disease progression in diabetic nephropathy by increasing the MCP-1 expression in renal tubule. These data are consistent with our results. Considering the efficacy of stem cell therapy, the current results showed significant ameliorative effect on all the biochemical markers as well as histopathological features of pancreas and kidney of diabetic and DN bearing rats. In accordance with current results, an early study reported that transplantation of c-kit expressing BMSCs resulted in localization to ductal and islet structures and enhanced insulin secretion. Although occurring in low frequency, these results suggest that BMSCs have the ability to differentiate into b-cells. 44 Xi and Bu, 2 found that autologous MSCs transplantation in a rat model of (T2D) resulted in enhanced insulin secretion, increased islet numbers in pancreas and ameliorated insulin sensitivity, suggesting functional effects of MSCs on insulin target tissues which lead to the reduction of blood glucose level as shown in the present work. Bone marrow-derived stem cells contribute to cell turnover and repair in various tissue types, including the kidneys. MSCs are attractive candidates for renal repair, because nephrons are of mesenchymal origin. 45 The present study indicated that MSCs treatment attenuated diabetic nephropathy by significantly lowering serum urea and creatinine levels in diabetic rats. This could be explained as there was increased clearance of blood urea and creatinine by the kidney. This means that rats treated with MSCs had less renal injury. In consistent with Wang et al., 4 and Pitlovanciv et al., 32 stated that MSCs treatment in diabetic rats could maintain plasma levels of creatinine and urea near the control values suggesting the beneficial role of MSCs either directly or indirectly in providing protection against DN. Moreover, Wang et al., 46 proved that MSCs decrease albuminuria and preserve normal renal histology in diabetic mice. In addition, Rookmaaker et al., 47 declared that bone-marrow derived cells may home to injured glomerular endothelium, differentiate into endothelial cells, and participate in regeneration of the glomerular microvasculature.
The pharmacological induction of HO-1 has also been shown to exert a protective effect on renal function in animal models. MSCs have the capacity to repair renal injury, accelerate tubular proliferation and improve renal function as well as up-regulate HO-1 expression and increase HO-1 activity. 34 These findings are in good agreement with our results. MSCs treatment showed significant regression of TGF-b, FGF, and PDGF serum levels as shown in the present results. It could be deduced that the mechanisms that mediate the protective effects of MSCs most probably, paracrine. Duffield et al., 49 documented that BMMSCs contribute in modulating cytokine environment of the damaged tissues, resulting in their functional repair. Moreover, bone marrow-derived stem cells seemed to contribute in regenerating renal tubular cell populations. 48 In harmony with our findings, the study of Sho-Sho et al., 49 revealed that the expressions of MCP-1, IL-1, and IL-6 were significantly down-regulated by MSCs treatment in kidney tissue. MSCs treatment ameliorates DN via inhibition of MCP-1 expression by secreting growth factors, thus reducing macrophages infiltration, down regulating IL-8, IL-6, and TNF-a expression in renal tissue of diabetic rats. Histopathological examination of pancreatic and kidney tissue samples of diabetes and DN bearing rats before and after MSCs infusion supported our biochemical results.
The favorable impact of BMSCs treatment was evidenced by recovery of kidney functions, glucose, insulin, HO-1, and AGEs in diabetic and diabetic nephropathy bearing rats. Also, BM-MSCs revealed a strong ability to modulate growth factors and downregulate MCP-1 and IL-8 gene expression in kidney tissues. Taken collectively, the present work would indicate that the effect of cell therapy in diabetes and diabetic complications was rather agreeable.
